The viral oncoprotein Tax mediates transcriptional activation of human T-cell leukemia virus type 1 (HTLV-1). Both Tax and the cellular transcription factor CREB bind to viral cyclic AMP response elements (vCREs) located in the viral promoter. Tax and serine 133 phosphorylated CREB (pCREB) bound to the HTLV-1 promoter facilitate viral transcription via the recruitment of the large cellular coactivators CBP/p300. While the interaction between the phosphorylated kinase inducible domain (pKID) of pCREB and the KIX domain of CBP/p300 has been well-characterized, the molecular interactions between KIX, full-length Tax, and pCREB have not been examined. In this study we biochemically characterized the interaction between Tax and KIX in a physiologically relevant complex containing pCREB and vCRE DNA. Our data show that Tax and pCREB simultaneously and independently bind two distinct surfaces on the KIX domain: Tax binds KIX at the previouslycharacterized mixed-lineage leukemia (MLL) protein interaction surface while pCREB binds KIX at the pKID-KIX interface. These results provide evidence for a model in which Tax and pCREB bind distinct surfaces of KIX for effective CBP/p300 recruitment to the HTLV-1 promoter. We also show that MLL competes with Tax for KIX binding, suggesting a novel mechanism of Tax oncogenesis in which normal MLL function is disrupted by Tax.
Introduction
Human T-cell leukemia virus type 1 (HTLV-1) is an oncogenic retrovirus responsible for development of a highly aggressive and fatal malignancy known as adult T-cell leukemia (ATL). 1 The HTLV-1-encoded Tax protein causes cellular transformation and is required for strong transcriptional activation of the provirus. Tax stimulates HTLV-1 transcription through interaction with three conserved 21-base pair enhancer elements known as viral cyclic AMP response elements (vCREs) located within the HTLV-1 promoter. The vCRE sequences bind Tax in complex with the cellular transcription factor CREB. Tax binds to minor groove GCrich sequences flanking the core octanucleotide CRE bound by CREB and interacts with CREB via protein-protein interactions. 2; 3; 4; 5 Both CREB and Tax associate with the vCRE element as dimers. 6; 7 Stimulation of many different kinase pathways results in CREB phosphorylation at serine 133. 8 Together, Tax and phosphorylated CREB (pCREB) bound to the vCRE elements serve as a high affinity binding site which recruits the large cellular coactivators CBP/ p300 to the HTLV-1 promoter. 9; 10 The quaternary complex consisting of CBP/p300, DNAbound Tax, and pCREB is believed to strongly activate viral transcription. The KIX domain of CBP/p300 is crucial for Tax-mediated coactivator recruitment. Tax has been shown to interact with three of four major transcription factor interaction domains located within CBP/ p300, though the interaction between Tax and KIX is the only one that has been demonstrated to occur when Tax is assembled into the pCREB/Tax/vCRE DNA ternary complex. 9; 10; 11; 12; 13; 14 The fact that DNA-bound Tax and pCREB simultaneously form a complex with KIX suggests that each transcription factor makes independent contacts with KIX.
The KIX domain of CBP/p300 is composed of three α-helices that form a compact hydrophobic core. 15 It has two well-characterized transcription factor binding surfaces. One surface has been shown to bind pCREB and c-Myb 15; 16 and the other has been shown to bind MLL and c-Jun binding interfaces. 17; 18 The phosphorylated kinase-inducible domain (pKID) of CREB, a region that includes the serine 133 phosphorylation site, binds KIX in a hydrophobic groove defined by KIX helices α1 and α3. The transactivation domain of the c-Myb transcription factor binds this hydrophobic groove in a similar fashion as pKID, though the two sequences share no clear similarity. 16 The structure of a ternary complex containing KIX, a domain of the c-Myb transcription factor, and the minimal activation domain of mixedlineage leukemia (MLL) protein has been determined supporting a two-site model for transcription factor binding to KIX. 17 De Guzman et al. found that MLL binds a distinctly separate surface of KIX than the c-Myb/pKID binding surface. 17 These observations suggest the pCREB/Tax/KIX ternary complex may be analogous to the c-Myb/MLL/KIX ternary complex. Another transcription factor, c-Jun, has been shown to occupy the MLL binding site on KIX. 19 Tax was found to compete with c-Jun for KIX binding, 18 providing further support for a two-site binding model in which Tax and pCREB simultaneously bind separate surfaces of KIX. c-Myb and MLL have also been shown to assemble cooperatively with KIX, 20 while similarly, KIX binds Tax most effectively when it is assembled into a complex with full-length pCREB and viral CRE DNA. 21 While both the pKID domain of CREB and a small N-terminal Tax peptide 22 have been shown to interact with separate surfaces on KIX, the full-length proteins have not previously been used to characterize these binding sites, nor have they been examined together.
In this report we sought to better characterize the interaction of Tax and KIX in the context of the physiologically relevant quaternary complex that also contains pCREB and vCRE DNA. We show that full-length pCREB and Tax bind KIX at two separate sites. MLL competition with Tax for KIX binding demonstrates Tax and MLL share the same interaction surface of KIX. In addition, KIX constructs carrying mutations in one of the two transcription factor binding sites have enabled us to distinguish independent Tax and pCREB binding to KIX. These findings support a model in which KIX binds the ternary complex composed of fulllength Tax, pCREB, and vCRE DNA through simultaneous interaction with both Tax and pCREB on separate interfaces. Our observations also suggest a novel mechanism for Tax oncogenesis through disruption of MLL function.
Results
Tax and pCREB simultaneously bind the KIX domain of CBP Our first objective was to determine whether full-length pCREB and Tax bind KIX both simultaneously and independently. We reasoned that if Tax and pCREB simultaneously bind to two sites on KIX, saturated binding of one protein to KIX would have no effect on the binding of the second protein. Purified GST-KIX (CBP aa 588-683) was bound to glutathione-agarose beads and used in a GST pull-down assay. Increasing amounts of purified Tax were added to binding reactions until saturation of GST-KIX was achieved ( Figure 1A ). We performed several experiments to establish that this concentration of Tax saturated GST-KIX (data not shown). pCREB was then titrated into reactions containing the highest concentration of Tax ( Figure 1A) . pCREB bound to GST-KIX without displacing Tax. The converse experiment was then performed in which immobilized GST-KIX was incubated with increasing amounts of pCREB until saturation was achieved ( Figure 1B ). As before, several experiments were performed to determine the concentration of pCREB that saturated GST-KIX (data not shown). vCRE DNA was also included in these binding reactions as we were interested in examining the binding of Tax to GST-KIX in the context of the more physiologically-relevant ternary complex (pCREB/Tax/vCRE DNA) ( Figure 1C ). For simplicity, figure 1C depicts one KIX molecule binding to the ternary complex though it is unknown whether one or two KIX molecules bind the complex. Tax was then titrated into reactions containing the highest concentration of pCREB ( Figure 1B) . Tax bound to GST-KIX with no effect on pCREB binding. It should be noted that approximately 40-fold lower concentrations of Tax were used to achieve GST-KIX binding in Figure 1B than in Figure 1A , reflecting the relatively low affinity of free Tax for KIX. The presence of vCRE DNA and pCREB dramatically increases Tax affinity for GST-KIX. 21 These experiments show that full-length Tax and pCREB each bind KIX independently and can occupy their respective sites simultaneously, supporting a two-site model for pCREB and Tax binding to KIX.
Since we use GST-KIX throughout this study, we performed an electrophoretic mobility shift assay (EMSA) as a control to compare untagged KIX vs. GST-KIX binding to the pCREB/ Tax/vCRE DNA ternary complex. Radiolabeled vCRE DNA was incubated with purified pCREB, Tax, and GST-KIX 588-683 or untagged KIX 586-680 to form quaternary complexes ( Figure 1D, lanes 3-4) . The addition of both untagged KIX and GST-KIX to ternary complexes produced an easily observable alteration in mobility, indicating their binding to the complexes. GST-KIX binding resulted in a more slowly migrating quaternary complex than untagged KIX, reflecting the size difference between the proteins and the shape of the resulting complexes. Notably, untagged KIX migrates faster than the ternary complex, likely due to its more compact structure. Comparable amounts of both proteins produced a complete shift in the mobility of the ternary complex (~50 nM, data not shown). As further support for this result, we performed gel filtration chromatography on complexes assembled with either GST-KIX or untagged KIX using a Superdex 200 HR 10/30 column, and found the peak elution volume of each quaternary complex was exactly the same (V E = 10.24 mL, data not shown). The components of each peak were verified using SDS-PAGE.
A small activation domain of Mixed-Lineage Leukemia protein (MLL) competes with Tax for KIX binding
We were next interested in determining whether Tax and the MLL activation domain bind the same site on KIX, as previously hypothesized. 17 A small synthetic peptide corresponding to human MLL (aa 2842-2858) was used for these experiments. This sequence was selected based on previous studies. 17; 20 The peptide was synthesized with a C-terminal FLAG tag to facilitate concentration determination by absorbance spectroscopy and to provide a convenient negative control for experiments. We first determined whether our MLL peptide actively bound KIX using a fluorescence polarization assay. An N-terminal fluorescein-tagged MLL peptide was incubated with various concentrations of purified untagged KIX 586-680 peptide and the fluorescence polarization signal was measured ( Figure 2A ). The K d for MLL binding to KIX was 2.5 ± 0.3 µM, almost identical to the previously published value determined by isothermal titration calorimetry. 20 We next tested whether MLL peptide bound to KIX could prevent Tax binding, and thus formation of the quaternary complex. Purified GST-KIX 588-683 was bound to glutathione-agarose beads as in previous GST pull-down experiments and MLL peptide was titrated into the binding reactions. FLAG peptide was added as a negative control. Following GST-KIX/MLL binding, full-length purified pCREB, Tax, and vCRE DNA were added to the binding reactions. The presence of MLL reduced the amount of Tax bound to GST-KIX while pCREB binding remained unaffected ( Figure 2B ). The addition of FLAG peptide corresponding to the highest concentration of MLL had no effect on either Tax or pCREB binding, indicating MLL binding to KIX specifically inhibited the binding of Tax, but not pCREB, to GST-KIX.
As an alternative method to examine whether MLL and Tax share the same binding site on GST-KIX, an EMSA was performed. Tax does not stably bind vCRE DNA by itself, therefore, the CREB basic leucine zipper (bZIP) domain was used together with Tax in these assays. We chose to use the bZIP domain to avoid any possibility of an indirect Tax association with KIX via protein-protein interaction with pCREB. Use of the bZIP domain also allowed us to examine the Tax-KIX interaction in the absence of the pKID/KIX interaction. Radiolabeled vCRE DNA was incubated with purified CREB bZIP, GST-KIX 588-683 , and Tax forming a quaternary complex ( Figure 2C , lane 3). Formation of this more slowly migrating complex is dependent upon the binding of KIX to the ternary complex formed with bZIP, Tax, and vCRE DNA. The MLL peptide was titrated into the binding reactions. Figure 2C shows that the MLL activation domain disrupted the interaction between Tax and KIX. To rule out the possibility that the MLL peptide might be interfering with formation of the ternary complex composed of Tax, pCREB, and vCRE DNA, another EMSA was performed in which the MLL peptide was titrated into reactions containing full-length pCREB, Tax, and vCRE DNA. We used full-length pCREB in this experiment as Tax does not bind the bZIP/vCRE DNA complex strongly enough in the absence of KIX to form a detectable ternary complex. The MLL peptide did not interfere with formation of the Tax/pCREB/vCRE ternary complex ( Figure 2D ). These results strongly suggest that Tax and MLL bind to the same site on the KIX domain.
A carboxy-terminal truncation of KIX demonstrates significantly reduced Tax binding
The C-terminal half of the KIX α 3 helix is extended from E665 to R669 upon MLL binding, creating additional contacts between MLL and KIX (residues 612, 664, 667, and 668). 17 An earlier study found this region of the KIX domain was important for Tax binding, as a truncated KIX mutant (GST-KIX short, CBP aa 588-665) was defective for Tax but not pCREB binding. 13 We were interested in investigating whether this mutant is also defective for Tax binding in the context of the quaternary complex. Purified wild-type GST-KIX 588-683 (GST-KIX wt) and the truncated GST-KIX 588-665 (GST-KIX short) proteins are shown in Figure 3A . A GST pull-down assay was first performed to simultaneously test Tax and pCREB binding to GST-KIX short in the presence of vCRE DNA. Tax was titrated into reactions containing GST-KIX wt or GST-KIX short and a constant amount of pCREB and vCRE DNA. GST-KIX short showed dramatically reduced Tax binding while pCREB binding remained intact ( Figure 3B) . We next performed a DNA pull-down assay to test the ability of GST-KIX short to stabilize Tax binding in the pCREB/vCRE complex. For this assay we used a biotinylated vCRE doublestranded oligonucleotide bound to streptavidin-agarose beads. A biotinylated DNA fragment carrying a weak CREB binding site was used as a negative control for Tax binding. The presence of GST-KIX short in the binding reaction did not stabilize Tax on the immobilized template as effectively as wild-type GST-KIX ( Figure 3C ), demonstrating the importance of the C-terminal half of the KIX α 3 helix for Tax binding in the context of the vCRE-containing quaternary complex.
Mutation of KIX amino acids important for MLL interaction reduces Tax binding
In light of our findings that the MLL peptide competes with Tax for KIX binding and KIX α 3 helix residues are important for Tax as well as MLL binding, we designed a KIX triple point mutant based on conserved, solvent-exposed KIX residues found to interact strongly with MLL (aa F612, D622, and R624). 20 We hypothesized that this mutant would be defective for Tax binding. Using site-directed mutagenesis, we constructed GST-KIX588-683 ΔT (Tax binding site mutant) with these three residues mutated to alanine. The KIX residues targeted for mutation are shown in blue in Figure 4A . Purified GST-KIX ΔT is shown in Figure 4B . A GST pull-down assay was performed using GST-KIX wt or GST-KIX ΔT bound to glutathioneagarose beads. Tax was titrated into reactions containing a constant amount of pCREB and vCRE DNA ( Figure 4C ). Tax binding to GST-KIX ΔT was reduced by approximately twothirds relative to GST-KIX wt, while pCREB binding remained unaffected. These data provide further support for the hypothesis that full-length Tax and MLL share the same binding site on KIX. We also performed a DNA pull-down assay using biotinylated vCRE DNA bound to streptavidin-agarose beads. A biotinylated DNA fragment carrying a weak CREB binding site was used as a negative control for Tax binding. As in Figure 4C , Tax was titrated into reactions containing either GST-KIX wt or GST-KIX ΔT in the presence of a constant amount of pCREB ( Figure 4D) . Tax binding at the vCRE was significantly reduced in the presence of GST-KIX ΔT relative to GST-KIX wt (lanes 6-8 vs. [3] [4] [5] . This experiment demonstrates that mutation of the putative Tax binding site on KIX significantly reduced Tax association with the DNAbound complex.
A KIX mutant defective for pCREB binding demonstrates wild-type Tax binding
We constructed another KIX mutant, GST-KIX ΔpC, which carries a single point mutation (Y658A) that has previously been shown to be defective for pCREB binding ( Figure 5A , purified protein shown in Figure 5B ). 15 We reasoned that if a KIX mutant defective for Tax binding can bind pCREB, then similarly, a KIX mutant defective for pCREB binding should be able to bind Tax. To test this theory, a GST pull-down experiment was first performed to confirm that our KIX mutant was indeed defective for pCREB binding. pCREB was titrated into reactions containing either glutathione-bound GST-KIX wt or GST-KIX ΔpC ( Figure 5C ). As expected, we did not detect pCREB binding to GST-KIX ΔpC. The lower panel shows comparable amounts of GST-KIX wt and ΔpC were used in the experiment. We next performed another GST pull-down assay to test the ability of GST-KIX ΔpC to bind full-length Tax. Tax was titrated into reactions containing either GST-KIX wt or GST-KIX ΔpC ( Figure 5D ). Tax binding to GST-KIX ΔpC and GST-KIX wt was comparable, indicating mutation of the pCREB binding site on KIX does not affect Tax binding.
EMSA confirms Tax binds KIX at an independent site from pCREB
Although similar results were obtained from two different types of immobilization experiments, we confirmed our Tax binding results for the GST-KIX ΔT and ΔpC mutants using an additional method. EMSAs were performed with purified CREB bZIP, Tax, and the various GST-KIX proteins. As in Figure 2C , the bZIP domain of CREB was used in lieu of full-length pCREB to separate the Tax-KIX interaction from the pCREB-KIX and pCREBTax interactions. GST-KIX ΔpC and GST-KIX wt formed nearly equivalent amounts of the quaternary complex (KIX/Tax/bZIP/vCRE DNA) ( Figure 6 ). However, the GST-KIX ΔT triple point mutant reduced the amount of quaternary complex to approximately one-third that of GST-KIX wt. As previously shown, 13 the truncated GST-KIX short construct did not support detectable quaternary complex formation.
Discussion
The KIX domain of CBP has two separate hydrophobic grooves on opposite sides of the molecule that serve as transcription factor binding sites. Previous studies have demonstrated that one site binds the pKID region of CREB in addition to the activation domain of c-Myb, and the second site binds the activation domain of MLL and a domain of c-Jun. 16; 17; 19; 20; 23 The HTLV-1 Tax protein, in complex with pCREB and vCRE DNA, serves as a highaffinity binding site for the KIX domain. 9; 10 The observation that this complex binds KIX with considerably higher affinity than either protein alone suggests that pCREB and Tax may simultaneously occupy separate sites on KIX. However, full-length Tax and pCREB are much larger than the small domains examined in structural studies of cooperative transcription factor binding to KIX, and steric hindrance could prevent both from simultaneously binding the small KIX domain. In this study, we investigated the molecular interactions between KIX and fulllength Tax and pCREB. We also characterized the interaction of the Tax/pCREB/vCRE ternary complex with KIX. As predicted, we found that both Tax and pCREB independently and simultaneously bind KIX. In addition, the MLL activation domain competed with Tax for KIX binding. The C-terminal half of KIX is elongated upon MLL binding, creating additional contacts between MLL and KIX. Our findings suggest Tax interacts with the MLL binding site on KIX in a similar fashion, since a truncated KIX mutant (GST-KIX short) was found defective for Tax binding. In addition, a KIX construct (GST-KIX ΔT) with mutations in the MLL binding site bound Tax with reduced affinity while retaining wild-type pCREB binding. In both cases, mutations in the MLL binding site on KIX disrupted Tax binding, both with Tax free in solution and as part of the transcriptionally-relevant ternary complex. While pCREB and Tax bind KIX in very close proximity, these findings support a model for CBP/p300 recruitment to the DNA-bound Tax/pCREB complex in which Tax and pCREB simultaneously interact with separate binding sites on KIX.
A recent study found that the MLL activation domain transitions from an unstructured to a more highly structured state upon KIX binding. 17 A similar mechanism may occur during Tax binding to KIX in the context of the Tax-containing ternary complex. We have recently found the affinity of Tax for KIX is dramatically increased in the presence of pCREB and vCRE DNA. 21 Independent and simultaneous transcription factor binding to KIX provides a mechanism by which promoter-bound Tax and pCREB synergistically recruit CBP/p300 to the HTLV-1 promoter.
MLL and Tax competition for the same binding site on KIX raises the possibility that these two transcription factors compete in vivo for KIX binding and subsequent promoter recruitment of CBP/p300. This carries implications for an additional oncogenic function of Tax. MLL is a large Drosophila trithorax homologue that was originally identified as a gene frequently rearranged in therapy-induced acute myeloid leukemias and childhood leukemias. It positively regulates Hox genes and opposes the repressive effect of proteins such as Bmi-1. 24; 25; 26 Tax may disrupt normal MLL function by competition for CBP/p300 binding in HTLV-1 infected cells. Although MLL is usually not rearranged in adult T-cell leukemia patients unless they develop secondary therapy-related myelodysplasia or leukemias, 27 Tax expression may mimic the effects of MLL rearrangement in HTLV-1 infected cells by preventing it from activating its target genes. Evidence for Tax-MLL competition for KIX binding thus provides a novel theoretical model for Tax oncogenesis involving disruption of MLL function early in the course of leukemogenesis, during high levels of Tax expression in HTLV-1 infected Tcells.
Materials and Methods

Expression and purification of recombinant proteins
Bacterially-expressed CREB A 28 , Tax-His 6 29 and all GST-KIX 10 proteins were purified to >95% homogeneity as previously described. 10 GST-KIX mutant expression vectors were prepared by site-directed mutagenesis (QuikChange II®, Stratagene), and the incorporation of mutations was verified by sequence analysis. CREB A is a naturally occurring splice variant (aa , and 2 mM DTT. Cells were sonicated, the lysate cleared by centrifugation, and applied to Q-sepharose. The flow through containing KIX was applied to two consecutive SP-sepharose columns. KIX was purified to ≥98% homogeneity. Cultures were harvested by centrifugation and resuspended in 0.015 volumes of 50 mM Tris-HCl pH7.5, 10 mM EDTA pH 7.5, 0.1 mM PMSF, 8 ng/µl aprotinin, 8 ng/µl leupeptin, 1 mini EDTA-free protease inhibitor tablet (Roche, cat #1836170), and 2 mM DTT. Cells were sonicated, the lysate cleared by centrifugation, and applied to Qsepharose. The flow through containing KIX was applied to two consecutive SP-sepharose columns. KIX was purified to ≥98% homogeneity.
MLL peptide
A peptide containing the minimal human MLL activation domain (aa 2842-2858) with a Cterminal FLAG tag was synthesized by Global Peptide. An N-terminal fluorescein-tagged version of this peptide was also obtained from Global Peptide for fluorescence polarization experiments.
Oligonucleotides
The top strand sequence of the complementary oligonucleotides used in the experiments described herein are as follows. The CRE core sequence is underlined and bolded. vCRE: 5'-GAAGATCTCTCAGGCGTTGACGTCAACCCCTCACAGATCTTC-3'. Our vCRE construct carries the full vCRE sequence with a single base pair change that converts the offconsensus CRE core to a consensus CRE. It binds Tax indistinguishably from the natural vCRE. A DNA fragment containing a weak CREB binding site (underlined and bolded) was used as a negative control for Tax binding: 5'-GGGGATCTCTCAAATATTCTTAGGACCTTTCACCAGATCGGC-3'. The oligonucleotides were purchased from Integrated DNA Technologies (IDT). For the DNA pulldown reactions, a biotin group was chemically added to the 5' end of the upper strand oligonucleotide (IDT).
Antibodies
The antibodies used in the Western blots presented herein were as follows: anti-His (H-3 and H-15), anti-CREB (C-21), anti-phospho-Ser 133 CREB, and anti-GST (B-14). All were purchased from Santa Cruz Biotechnologies.
GST pull-down assays
GST pull-down experiments were performed using 10 µl of glutathione-agarose beads equilibrated in pull-down buffer (20 mM HEPES [pH 7.9], 12.5 mM MgCl 2 , 10 µM ZnSO 4 , 100 mM NaCl, 50 mM KCl, 10% [vol/vol] glycerol, 0.05% [vol/vol] Nonidet P-40). The purified GST proteins were incubated with the equilibrated beads for 1 h at 4°C, washed, and incubated with the second protein(s) for 1 h at 4°C. The reactions were washed two times with pull-down buffer. Bovine serum albumin (0.3 µM) was used to block glutathione agarose beads between GST fusion and experimental protein binding. Bound proteins were resolved by electrophoresis on 10% sodium dodecyl sulfate (SDS) polyacrylamide gels and transferred to nitrocellulose for subsequent Western blot analysis. The final concentrations of protein and DNA in each reaction are given in the figure legend.
Fluorescence polarization assays
Fluorescence polarization measurements were conducted using a black 384 well flat-bottom polystyrene plate in a Perkin Elmer Victor V model 1420 multilabel counter using 480 nm excitation and 535 nm emission band-pass filters. The 50 µl reactions contained 50 mM Tris (pH 7.5), 100 mM NaCl, 10 mM EDTA (pH 7.5), 20% glycerol, 4 mM DTT, 0.1% NP40, 10 nM N-terminal fluorescein-labeled MLL peptide, and purified untagged KIX 586-680 at various concentrations from 53 nM to 22 µM. Reactions were assembled at 4° C and allowed to equilibrate for 30 min at 25° C prior to reading the FP signals. The equilibrium dissociation constant was determined by directly fitting the polarization data to a single-site binding curve using Kaleidagraph (Synergy Software). The K d value obtained was >100-fold higher than the 10 nM MLL concentration and consequently the free and total KIX concentrations were considered equal when fitting the data. This experiment was performed several times with different KIX protein preparations and similar results were obtained.
DNA pull-down assays
DNA pull-down experiments were performed using streptavidin-coated agarose beads (Novagen). Biotinylated double-stranded oligonucleotides containing a single CRE element were bound to streptavidin-agarose beads by incubating 90 min at 25°C according to the manufacturer's directions. The amount of DNA bound was quantified by measuring the A 260 of the DNA-containing supernatant before and after streptavidin-agarose bead binding. DNA-bound beads were stored in a 100 mM Na 2 HPO 4 pH 7.5, 0.02% sodium azide solution and washed with 0.5X TM buffer before use in assays. Purified proteins were added to aliquots of the streptavidin-agarose bead-bound DNA in 0.5X TM buffer with 0.6 ng/µL poly(dA)·poly (dT) and 39 nM BSA added as nonspecific competitors, incubated 45 min at 4°C, and washed three times to remove unbound proteins. DNA-bound proteins were separated by electrophoresis on a 10% SDS polyacrylamide gel and transferred to nitrocellulose for detection by Western blot analysis.
Electrophoretic mobility shift assays (EMSA)
EMSAs were performed by incubation of the indicated amount of purified CREB, CREB bZIP, Tax, GST-KIX (aa588-683), GST-KIX ΔT (D622A, R624A, F612A), GST-KIX Δp (Y658A), or GST-KIX short (aa 588-665) in 12.5 mM HEPES pH 7.9, 75 mM KCl, 6.25 mM 
Protein structure graphics
Cn3D 4.1 was used to generate graphics depicting mutated residues in KIX ΔT and KIX ΔpC. The NCBI protein databank code used was 1KDX (MMDB #9136). 15
Image processing
The ImageQuant program (Molecular Dynamics) was used to quantify results. Images were processed in Adobe Photoshop, with minor adjustments made to brightness/contrast as needed (gamma was kept at 1). No bands were obscured or altered. Images were annotated in PowerPoint. 
